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Introduction and scope of the thesis

InTRODuCTIOn

Cardiac electrical function and arrhythmia

A sophisticated interplay of ion channels in the heart underlies normal cardiac electro-
physiology, which provides for the electrical activity that results in a rhythmic, continu-
ous beating of the heart. Disturbances in this normal rhythmic activity, or ‘arrhythmia’, 
may lead to a reduction in cardiac output, which may ultimately culminate in sudden 
cardiac death. Arrhythmia can occur in the setting of a broad range of cardiac disorders. 
While a large subset of individuals experience arrhythmia in the setting of acquired car-
diac diseases, such as myocardial infarction or heart failure, in a minority arrhythmia are 
caused by inherited genetic defects. In these ‘inherited cardiac arrhythmia syndromes’, 
defects in genes that encode cardiac ion channels or their modulatory proteins often 
underlie the disease. These syndromes commonly manifest at young age, sometimes 
with sudden cardiac death as the first symptom of the disease.

The inherited cardiac rhythm disorders

For the past 20 years, genetic defects in multiple genes have been linked to various 
inherited cardiac arrhythmia syndromes1. The increased understanding of the genetic 
underpinnings of these disorders has empowered genetic testing in affected families 
allowing for the presymptomatic identification of family members carrying the familial 
genetic defect, providing opportunities for timely installation of therapy. Currently, 
recommendations for genetic testing are documented in guidelines issued by the 
European Heart Rhythm Association (EHRA) and Heart Rhythm Society (HRS)2. Next to 
the clinical implications, the genetic discoveries have also triggered electrophysiologi-
cal and molecular studies providing insights into the underlying pathophysiological 
mechanisms. The unravelling of the underlying mechanisms has enabled new or im-
proved therapeutic strategies for the different disorders.

Genetic architectures in inherited rhythm disorders: from genotype to 
phenotype

For a number of inherited cardiac disorders, a Mendelian inheritance pattern applies. 
For example, in the Long QT Syndrome, pathogenic gene mutations demonstrate a 
relatively high disease penetrance, either in an autosomal dominant or recessive man-
ner. Nevertheless, the genotype to phenotype relationship in this disorder is not always 
clear, as a large degree of phenotypic variability between mutation carriers within 
families exists, an aspect that hinders clinical decision-making and counselling in these 
patients. The variability in disease severity among patients suggests the contribution of 
other factors that modulate the ultimate disease severity; these likely include environ-
mental as well as other inherited genetic factors1. For some disorders, such as Brugada 
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Syndrome, inheritance is more complex, in line with their more sporadic presentation. 
In these disorders, a combination of genetic variations, both rare and common, are 
thought to contribute in aggregate in determining disease susceptibility. The complex 
inheritance paradigm is now being increasingly applied for the identification of the 
genetic factors underlying these disorders. It was first applied to the Brugada Syndrome 
where genome-wide association analysis identified common genetic variants at three 
loci contributing to Brugada Syndrome susceptibility, underscoring the importance of 
multiple genetic variants in the disease3.

Causal genetic variants in some genes that are associated with the inherited ar-
rhythmia syndromes exhibit pleiotropic effects in that they may manifest in a variety 
of phenotypes that occur either in isolation or in combinations thereof, even within 
families. For example, mutations in the sodium channel gene SCN5A are associated with 
sinus node dysfunction, progressive cardiac conduction disease and Brugada Syndrome, 
among others. Although some pleiotropic effects have been attributed to the complex 
biophysical defects associated with some mutations4, the underlying causes of this 
interesting phenomenon are still largely unknown.

Given the gaps in our current knowledge regarding the genotype-phenotype rela-
tionships in inherited arrhythmia syndromes, mechanistic studies that are aimed at 
increasing our understanding of these syndromes are warranted. Ultimately, these stud-
ies may lead to an improved risk stratification and provide opportunities for therapeutic 
interventions.

Human cardiomyocytes as a model system for functional studies

A large part of the current knowledge into molecular and electrophysiological mecha-
nisms underlying the inherited arrhythmia syndromes has been obtained from heter-
ologous expression systems. In this model, (mutant) channels are overexpressed and 
biophysical properties are subsequently studied. Studies in these expression systems 
have mainly provided insights into the biophysical consequences of ion channel muta-
tions. An important drawback of this model is the non-cardiac milieu in which these 
channels are studied, which may, therefore, not contain critical ion channel interacting 
proteins or sub-units, and may not recapitulate important posttranslational modifica-
tions or signalling pathways. Moreover, the interplay between different genetic variants 
that are involved in disease manifestation cannot be studied in this cell model. Alter-
natively, transgenic mouse models have been widely applied to study gene mutations 
in a cardiac environment. While these studies have led to important insights, crucial 
differences in cardiac electrophysiology between mice and humans hamper a direct 
translation to the human clinical situation5.
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In 2007, the groundbreaking work of Yamanaka & Takahashi and Yu et al added a new 
model to the existing repertoire of cellular disease models6, 7. By overexpressing a mix-
ture of transcription factors, human adult, unipotent cells (e.g. dermal fibroblasts) could 
be reprogrammed into a pluripotent state with properties similar to the embryonic stem 
cell. This discovery opened new avenues for disease modelling, as these ‘human induced 
pluripotent stem cells’ (hiPSC), which grow and expand into limitless numbers of cells, 
can in principle differentiate into any cell type, including cardiomyocytes (hiPSC-derived 
cardiomyocytes, hiPSC-CMs). By modulating the right signalling pathways that are 
known from embryology, cells can be differentiated into the desired cell type. Impor-
tantly, the genomic information that originates from the cell donor remains, thereby 
allowing the study of patient-specific cardiac cells carrying gene mutations of interest.

Apart from the effects of specific gene mutations, the role of additional genetic factors 
as well as environmental factors can be studied in these cell systems. Also drug toxicity 
screens, an important step in drug development, can now be performed in the setting 
of a more faithful cellular model. Soon after the discovery of hiPSCs, different studies 
showed that hiPSC-CMs originating from mutation-carrying patients recapitulated phe-
notypic features characteristic of the disease, thereby providing evidence that hiPSCs 
could indeed be used to model inherited arrhythmia syndromes8–10. Although there are 
concerns regarding the immature phenotype of hiPSC-CMs, the initial studies opened 
doors to novel insights into disease mechanisms and therapeutic strategies.

SCOPE OF THE THESIS

The central topic of this thesis is the application of the hiPSC-CM model for the study 
of genetic variants underlying inherited arrhythmia syndromes. Many of the syndromes 
studied in this thesis relate to the cardiac sodium channel, encoded by the SCN5A gene. 
In chapter 1, we review the current knowledge regarding the gene SCN5A, as well as 
the role of its gene product in health and disease. In this chapter we also introduce 
the arrhythmia syndromes that are associated with mutations in this gene. Chapter 2 
discusses the immature nature of hiPSC-CMs and possible strategies that can be used to 
overcome these. In chapter 3, we investigate the cellular electrophysiological proper-
ties of hiPSC-CMs from Brugada Syndrome patients that do not exhibit mutations in any 
of the genes previously associated with the disease. As such, we aim to enhance our un-
derstanding of the pathophysiological mechanism of this disease, particularly in these 
mutation-negative patients. In chapter 4, we assess the effects of the SCN5A mutation 
I230T in the heterozygous and in the homozygous state in hiPSC-CMs and uncover the 
factor ‘time in culture’ as a crucial determinant of the cellular phenotype, underscoring 
how the immature nature of hiPSC-CMS needs to be an important consideration in stud-
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ies with this system. In chapter 5, the hiPSC model is applied to study the efficiency of 
different drugs that are putatively applicable for the rescue of nonsense mutations, in 
this case located in SCN5A. In chapter 6, we perform gene editing in hiPSCs to study the 
electrophysiological effects of a recently identified mutation in the gene GNB5 (p.S81L), 
a mutation that was previously identified in families suffering from a multisystem disor-
der, including severe bradycardia. In chapter 7, the topic of which deviates somewhat 
from the central theme of the thesis, we apply an integrative approach that combines 
human heart gene expression data in correlation with genetic information and mouse 
models to study the underpinnings of the association signal at the HEY2 locus uncovered 
in genome-wide association analysis of patients with Brugada Syndrome.
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